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Abstract
Au-Si nano-particle-decorated silicon nanowire arrays have been fabricated by Au film deposition on silicon
nanowire array substrates and then post-thermal annealing under hydrogen atmosphere. Field emission
measurements illustrated that the turn-on fields of the non-annealed Au-coated SiNWs were 6.02 to 7.51 V/μm,
higher than that of the as-grown silicon nanowires, which is about 5.01 V/μm. Meanwhile, after being annealed
above 650°C, Au-Si nano-particles were synthesized on the top surface of the silicon nanowire arrays and the
one-dimensional Au-Si nano-particle-decorated SiNWs had a much lower turn-on field, 1.95 V/μm. The results
demonstrated that annealed composite silicon nanowire array-based electron field emitters may have great
advantages over many other emitters.
Introduction
Silicon is one of the most promising candidates and
plays a significant role in the micro-electronic field.
One-dimensional silicon nanowires (SiNWs) have been
fabricated by many approaches, such as chemical vapor
deposition [1], laser ablation [2], thermal evaporation
[3], chemical etching [4,5] methods, etc., since they were
first fabricated via the vapor-liquid-solid (VLS) mechan-
ism [6]. Among the above mentioned methods, for deal-
ing with the challenges that the nanowires should grow
aligned in the same direction with high purity, chemical
etching method is a simple and convenient way to fabri-
cate pure well-aligned SiNWs.
Fabrication of electron-emitting nano-materials [7-9]
and application of electron field emitters on the flat
panel displays [10] have attracted much attention on the
studies of one-dimensional materials because of their
advantages of high aspect ratio, stable structure, and
high electron field emission (FE) properties. In the stu-
died field emitters [11-16], SiNW-based emitters [17-21]
have been widely studied. In order to improve the FE
property, various kinds of modification have been done
on SiNWs, such as H2 plasma surface treatment of Si
nanowires [22,23], Mo-modified Si field emitter [24],
Ni-implanted Si samples [25], and IrO2 coated on
silicon nanotips [26]. Gold is a metal with low resistivity
and high structure stability. However, the influence of Au
coating and post-annealing treatment on FE properties of
silicon nano-structures has not been reported. In this
article, the influence of Au coating and post-annealing
treatment on FE properties of SiNWs and the enhance-
ment of FE property by modifying as-grown SiNWs
to Au nano-particles-decorated SiNWs have been
investigated.
Experimental details
A simple chemical approach was utilized here to synthe-
size SiNWs [5]. In this procedure, n-type 〈100〉 silicon
wafer was used as substrate and ultrasonically cleaned in
acetone and ethanol for 5 to 10 min followed by washing
in de-ionized water. The cleaned substrates were
immersed in AgNO3/HF solution to deposit Ag catalyst
for 1 min, where the concentrations of AgNO3 and HF
were 0.01 mol/l and 8%, respectively. Afterward, they were
quickly transferred into H2O2/HF solution to fabricate
SiNWs at room temperature, where the concentrations of
H2O2 and HF were 0.6 and 8%, respectively. After 1-h che-
mical etching, the color of silicon surface became dark,
which indicated the formation of SiNWs. The as-grown
SiNWs were post-treated in 1% diluted HF solution to
remove the SiO2 layers coated outside. Au film deposition
was carried out by using DC magnetron sputtering tech-
nology in Ar atmosphere (1 Pa), and the sputtering cur-
rent was 20 mA. The thicknesses of the Au films were
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nominally defined as 20, 60, and 80 nm for different
deposition times. Further experiments were done
by annealing the SiNWs with Au films at 500, 650, and
800°C, respectively, in a quartz tube furnace and H2 atmo-
sphere for 2 h.
The morphology and structure characterization of the
nanowires were done by scanning electron microscope
(SEM) (S-4800, Hitachi) and transmission electron
microscope (TEM) (FEI TECNAI F30, Philips). FE mea-
surements were carried out in the high vacuum chamber
with a base pressure of 3 × 10-7 Pa. The distance between
cathode and anode was indicated by an electronic digital
display indicator and could be adjusted in a scale of 0 to
5 cm. Applied voltages up to 10 kV could be impressed
on the flat anode to ensure that the emission current
could be tested and detected with a digital multimeter.
Result and discussion
As reported previously [5,21], the as-grown SiNWs are
about 10 μm in length and 120 nm in diameter with
single crystal structure. In order to be unconfused,
SiNWs coated with Au film thicknesses of 20, 60, and
80 nm were labeled as Au20/SiNWs, Au60/SiNWs, and
Au80/SiNWs, respectively. Figure 1a shows the SEM
image of the top surface of the Au20/SiNWs, from
which we could observe that Au nano-film with an aver-
age particle size of 51.0 nm has been covered on the top
of SiNWs arrays. With the film thickness increasing
from 20 to 80 nm, the average size of Au particles
changes from 51.0 to 103.6 nm for Au60/SiNWs and
144.5 nm for Au80/SiNWs.
Figure 1b shows TEM image of the 650°C post-
annealed Au20/SiNWs. From Figure 1b, it can be seen
that Au20/SiNWs are about 120 nm in diameter, and
there are many nano-sized particles with the size ran-
ging from 10 to 48 nm being dispersively distributed
along the axis of the post-annealed Au20/SiNW. The
inset of HRTEM image in Figure 1b illustrates that
nano-sized particles on the surface of the post-annealed
Au/SiNWs are nano-crystalline particles. The interpla-
nar spacing calculated from HRTEM image of the nano-
particle is approximately 0.26 nm, which can be
attributed to the [660] planes of Au2Si phase [27]. Com-
pared with as-grown SiNWs [19], the morphology of the
post-annealed Au20/SiNW has not been changed much
and still shows the wire-shape in which many Au nano-
particles covered on the surface of nanowire. These
observations indicate that Au-Si nano-particle decorated
SiNWs can be fabricated during annealing at a high
temperature.
The FE properties of SiNWs were measured at the
room temperature. The curves in Figure 2 display the
emission current density (J) of SiNWs and Au/SiNWs as
a function of the applied field (E), and the inset is F-N
plots of samples. The obtained J-E curves gradually shift
to the highly applied field with the increase of Au film
thickness, and turn-on fields (Eon) (which are defined as
the field when J reaches 10 μA/cm2) are 5.01, 6.02, 6.03,
and 7.51 V/μm for the as-grown SiNWs, Au20/SiNWs,
Au60/SiNWs, and Au80/SiNWs, respectively. The shift-
ing of J-E curve to the highly applied field and the high
value of Eon demonstrate that electrons are harder to
a b
Figure 1 Microstructures of 20 nm Au film-coated SiNWs. (a) SEM image of as-coated SiNWs, in which Au layer covered on the tip of SiNWs
equally; (b) TEM Images of 20-nm Au film-coated SiNWs post-annealed at 650°C, inset in (b) is the HRTEM image of Au-Si nano-particle. TEM and
HRTEM images illustrate that the Au-Si phase had been formed after post-annealing at 650°C and Au-Si nano-particle-decorated SiNWs had been
fabricated.
Zhao et al. Nanoscale Research Letters 2011, 6:176
http://www.nanoscalereslett.com/content/6/1/176
Page 2 of 5
emit from the tips of Au nano-particles than that from the
tips of SiNWs, and FE properties of SiNWs have been
strongly affected because of the deposition of Au film. The
tendency can also be observed at higher J. When J reaches
100 μA/cm2, the applied field is 5.93 V/μm for as-grown
SiNWs, and increases to 7.20, 7.81, and 9.18 V/μm
for Au20/SiNWs, Au60/SiNWs, and Au80/SiNWs, respec-
tively (see Table 1). These results clearly demonstrated that
Au film coated to SiNWs makes FE characteristics worsen.
According to the F-N theory [28] which is explored to
indicate the mechanism of FE, J varies exponentially
with E and work function (F) of emitting material. With
modification, FN Equation 1 can be used to describe the
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where b is the field enhancement factor, A and B are
constants equal to 1.54 × 10-6 A eV V-2 and 6.83 × 103
eV-3/2 V μm-1, respectively. Thus, b or F could be cal-
culated via the slope of the straight line of ln(J/E2) and
1/E. Because the area of SiNW array is large and the
morphology is relatively uniform, little change of the
morphology has been made after Au deposition. The
authors have the evidence to assume that the value of b
is approximately equal to each other, and so F will
change for different emitters. According to the F-N
plots given in the inset of Figure 2, F can be calculated
to be 4.15, 4.29, 4.51, and 4.98 eV for as-grown SiNWs,
Au20/SiNWs, Au60/SiNWs, and Au80/SiNWs, respec-
tively, as shown in Table 1. FE property of the emitter is
highly dependent on their composition, tip sharpness,
aspect ratio, conductivity, and work function. High F
makes electron FE difficult and reduces FE property of
the emitter. These observations further confirm that Au
deposition without annealing is not effective in the
improvement of FE property.
Further examination was carried out via annealing the
Au/SiNWs with different thicknesses at 650°C. Figure 3
shows the FE properties of the post-annealed Au/SiNWs
with different thicknesses at 650°C. From Figure 3, it can
be seen that J-E curves of the post-annealed Au/SiNWs
are overlapping with each other and located at a lower
applied field than that of as-grown SiNWs. The corre-
sponding values of Eon are 2.25, 2.31, and 2.19 V/μm for
the annealed Au20/SiNWs, Au60/SiNWs, and Au80/
SiNWs, respectively, where relative changes of Eon values
are very small. At the same time, the FE properties of the
post-annealed Au20/SiNWs at different temperatures are
depicted in Figure 4 and Table 2, which show that the
post-annealing temperature increase makes the J-E curves
of samples move to lower applied field. The similar J-E
curves can be obtained after post-annealing above 650°C.

























Figure 2 J-E curves of Au/SiNWs with different thickness, in
which thicknesses increase of Au film induces the J-E curves
shifting to higher applied field and makes FE properties
worsen. The inset is corresponding F-N plots.
Table 1 FE parameters of Au film-coated SiNWs with
different thicknesses
Samples Eon, (V/μm) EJ = 100μA/cm2 (V/μm) F (eV)
As-grown SiNWs 5.01 5.93 4.15
Au20/SiNWs 6.02 7.20 4.29
Au60/SiNWs 6.03 7.81 4.51
Au80/SiNWs 7.51 9.18 4.98
Au - - 5.55





























Figure 3 J-E curves of SiNWs coated with different thicknesses
of Au film and post-annealed at 650°C, which show that the
650°C post-annealing processing of Au/SiNWs makes J-E curves
shifting to lower applied field and enhances FE properties of
SiNWs. The similar results have been obtained in Au/SiNWs with
different thicknesses. The inset shows corresponding F-N plots.
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According to the J-E curves, Eon values of Au20/SiNWs
post-annealed at 500, 650, and 800°C are 3.37, 2.25, and
1.95 V/μm, respectively, and the applied fields, at which J
is 200 μA/cm2, are 4.53, 2.88, and 2.79 V/μm, respectively.
These results indicate that electrons can emit easily from
the tips of the post-annealed Au/SiNWs at a lower applied
field, and suggest that the FE properties of Au/SiNWs are
remarkably improved due to post-annealing processing.
The FE properties of emitters are related with their
composition, tip sharpness, aspect ratio, conductivity,
and work function. Au has a high work function (F), i.e.
5.55 eV [29], which is larger than that of Si (about 4.15
eV [30]). When continuous Au layer covered on SiNWs,
electron FE comes from the Au tip covered on SiNWs
and not from the tip of SiNWs. High work function of
the emitter makes electron emission difficult and
reduces more the FE property of the emitter. Therefore,
Eon values of the Au/SiNWs are higher than that of the
as-grown SiNWs, and the FE properties of the Au/
SiNWs are worse than that of as-grown SiNWs. How-
ever, the post-annealing processing above 650°C for the
Au/SiNWs makes the J-E curves move to lower applied
field, and lower Eon values, which is in the range from
1.95 to 2.35 eV, can be obtained. Those prove that the
FE properties of Au/SiNWs can be remarkably enhanced
by the post-annealing processing above 650°C. TEM and
HRTEM images in Figure 1 illustrate that Au-Si nano-
particles had been formed at the surface of Au20/
SiNWs after post-annealing at 650°C, and that the Au-Si
nano-particle-decorated SiNWs had been fabricated.
Previous studies show that gold silicide, such as Au2Si
[31,32] and AumSin [33], have been observed, and some
kind of composition has good optical, excellent electron
transportation, and FE properties. For the Au2Si nano-
particle-decorated SiNWs, electrons transport near and
on the surface of the composite region. Tunneling effect
happens when the energy states are distributed in the
band gap and the electrons in the conduction band of
the SiNWs can be tunneled [34]. This will make the sur-
face potential barrier height of the emitter to be
reduced. On the other hand, the similar enhancement
results, in which the differences are very small, have
been observed in SiNWs coated by Au film with differ-
ent thicknesses and then post-annealed at 650°C. It is
due to the formation of similar micro-structures of the
Au-Si nano-particle-decorated SiNWs. Thus, we have
the evidence to believe that uniform Au-Si nano-
particle-decorated SiNWs could improve the FE proper-
ties of SiNWs by enhancing electron transportation and
reducing surface potential barrier height of emitter.
Conclusions
Au film coating on the tip of SiNWs reduces the FE prop-
erties of SiNWs because of Au having high work function.
Well-aligned Au-Si nano-particle-decorated SiNW arrays
have been fabricated by Au film deposition and
post-annealing above 650°C, which have excellent FE
properties. The lowest Eon value of the Au-Si nano-
particle-decorated SiNWs is about 1.95 V/μm, and J can
reach 200 μA/cm2 at the applied field of 2.79 V/μm.
Improvement of the FE properties may be due to Au-Si
nano-particle decoration on the top surface of SiNWs,
which enhances electron transportation in the SiNWs and
reduces the surface potential barrier height of the emitter.
These results indicate that the post-annealed Au/SiNW
arrays would be used in the field of flat panel displays in
the future.
Abbreviations
FE: field emission; SEM: scanning electron microscope; SiNWs: silicon
nanowires; TEM: transmission electron microscope; VLS: vapor-liquid-solid.
Acknowledgements
The authors gratefully acknowledge the financial support of the National
Basic Research Program of China (Grant No: 2010CB832905) and the partial
support provided by the Key Project of the Chinese Ministry of Education
(Grant No. 108124).
Authors’ contributions
FZ carried out the studies of sample fabrication, acquisition of data, analysis
and interpretation of data, and drafted the manuscript. GAC carried out the























 500ഒ  annealed
 650ഒ  annealed
 800ഒ  annealed
Figure 4 J-E curves of 20-nm Au film-coated SiNWs post-
annealed at different temperatures, which show that the
excellent FE properties of Au20/SiNWs with low Eon values
have been obtained after post-annealing processing above
650°C. The inset shows corresponding F-N plots.
Table 2 FE parameters of Au20/SiNWs before and after
post-annealing at different temperatures
Samples Eon (V/μm) EJ = 200 μA/cm2 (V/μm)
As-grown SiNWs 5.01 6.25
Au20/SiNWs 6.02 7.73
Au20/SiNWs 500°C 3.37 4.53
Au20/SiNWs 650°C 2.25 2.88
Au20/SiNWs 800°C 1.95 2.79
Zhao et al. Nanoscale Research Letters 2011, 6:176
http://www.nanoscalereslett.com/content/6/1/176
Page 4 of 5
conceiving of the study, revised the manuscript and given final approval of
the version to be published. RTZ participated in the analysis and
interpretation of data and revised the manuscript. DDZ, and SLW
participated in the sample fabrication and acquisition of data. JHD
participated in the acquisition of field emission data. All authors read and
approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 30 May 2010 Accepted: 25 February 2011
Published: 25 February 2011
References
1. Liu ZQ, Pan ZW, Sun LF, Tang DS, Zhou WY, Qian LX, Xie SS: Synthesis of
silicon nanowires using AuPd nanoparticles catalyst on silicon substrate.
J Phys Chem Solids 2000, 61:1171.
2. Morales AM, Lieber CM: A Laser Ablation Method for the Synthesis of
Crystalline Semiconductor Nanowires. Science 1998, 279:208.
3. Feng SQ, Yu DP, Zhang HZ, Bai ZG, Ding Y: The growth mechanism of
silicon nanowires and their quantum confinement effect. J Crys Growth
2000, 209:513.
4. Peng KQ, Huang ZP, Zhu J: Fabrication of large-area silicon nanowire p-n
junction diode arrays. Adv Mater 2004, 16:73.
5. Zhao F, Cheng GA, Zheng RT, Xia LY: E_ect of the Microstructure of Ag
Catalysts in the Fabricating Process of Silicon Nanowires. J Korean Phys
Soc 2008, 52:S104-S107.
6. Wanger RS, Ellis WC: Vapor-Liquid-Solid Mechanism of Single Crystal
Growth. Appl Phys Lett 1964, 4:89.
7. Iijima S: Helical microtubules of graphitic carbon. Nature 1991, 354:56.
8. Rinzler AG, Hafner JH, NIkolaev P, Nordlander P, Colbert DT, Smalley RE,
Lou L, Kim SG, Tománe kD: Unraveling Nanotubes: Field Emission from
an Atomic Wire. Science 1995, 269:1550-1553.
9. Chen KF, Deng JH, Zhao F, Cheng GA, Zheng RT: Influence of Zn ion
implantation on structures and field emission properties of multi-walled
carbon nanotube arrays. Sci China Technol Sci 2010, 53:776-781.
10. Lee NS, Chung DS, Han IT, Kang JH, Choi YS, Kim HY, Park SH, Jin YW,
Yi WK, Yun MJ, Jung JE, Lee CJ, You JH, Jo SH, Lee CG, Kim JM: Application
of carbon nanotubes to field emission displays. Diam Relat Mater 2001,
10:265.
11. Park CJ, Choi DK, Yoo J, Yi GC, Lee CJ: Enhanced field emission properties
from well-aligned zinc oxide nanoneedles grown on the Au/Ti/n-Si
substrate. Appl Phys Lett 2007, 90:083107.
12. Zhu YW, Zhang HZ, Sun XC, Feng SQ, Xu J, Zhao Q, Xiang B, Wang RM,
Yu DP: Efficient field emission from ZnO nanoneedle arrays. Appl Phys
Lett 2003, 83:144.
13. Xiang B, Zhang Y, Wang Z, Luo XH, Zhu YW, Zhang HZ, Yu DP: Field-
emission properties of TiO2 nanowire arrays. J Phys D 2005, 38:1152.
14. Wu ZS, Deng SZ, Xu NS, Chen J, Zhou J, Chen J: Needle-shaped silicon
carbide nanowires: Synthesis and field electron emission properties. Appl
Phys Lett 2002, 80:3829.
15. Zhou J, Xu NS, Deng SZ, Chen J, She JC, Wang ZL: Large-area nanowire
arrays of molybdenum and molybdenum oxides: synthesis and field
emission properties. Adv Mater 2003, 15:1835.
16. Chen J, Deng SZ, Xu NS, Wang SH, Wen XG, Yang SH, Yang CL, Wang JN,
Ge WK: Field emission from crystalline copper sulphide nanowire arrays.
Appl Phys Lett 2002, 80:3620.
17. Wong WK, Meng FY, Li Q, Au FCK, Bello I, Lee ST: Field-emission properties
of multihead silicon cone arrays coated with cesium. Appl Phys Lett 2002,
80:877.
18. Huang CT, Hsin CL, Huang KW, Lee CY, Yeh PH, Chen US, Chen LJ: Er-
doped silicon nanowires with 1.54 mu m light-emitting and enhanced
electrical and field emission properties. Appl Phys Lett 2007, 91:093133.
19. Kulkarni NN, Bae J, Shih CK, Stanley SK, Coffee SS, Ekerdt JG: Low-threshold
field emission from cesiated silicon nanowires. Appl Phys Lett 2005,
87:213115.
20. Tang YH, Sun XH, Au FCK, Liao LS, Peng HY, Lee CS, Lee ST, Sham TK:
Microstructure and field-emission characteristics of boron-doped Si
nanoparticle chains. Appl Phys Lett 2001, 79:1673.
21. Zhao F, Zhao DD, Wu SL, Cheng GA, Zheng RT: Fabrication and Electron
Field Emission of Silicon Nanowires Synthesized by Chemical Etching. J
Korean Phys Soc 2009, 55:2681.
22. Au FCK, Wong KW, Tang YH, Zhang YF, Bello I, Lee ST: Electron field
emission from silicon nanowires. Appl Phys Lett 1999, 75:1700.
23. Jo SH, Lao JY, Ren ZF, Farrer RA, Baldacchini T, Fourlcas JT: Field-emission
studies on thin films of zinc oxide nanowires. Appl Phys Lett 2003,
83:4821.
24. Ha JK, Chung BH, Han SY, Choi JO: Drastic changes in the field emission
characteristics of a Mo-tip field emitter array having PH3-doped a-Si: H
as a resistive layer material throughout vacuum packaging processes
in’a field emission display. J Vac Sci Technol B 2002, 20:2080.
25. Ok YW, Seong TY, Choi CJ, Tu KN: Field emission from Ni-disilicide
nanorods formed by using implantation of Ni in Si coupled with laser
annealing. Appl Phys Lett 2006, 88:043106.
26. Chen TM, Hung JY, Pan FM, Chang L, Wu SC, Tien TC: Pulse
Electrodeposition of Iridium Oxide on Silicon Nanotips for Field Emission
study. J Nanosci Nanotechnol 2009, 9:3264.
27. Joint Committee on Powder Diffraction Standards (JCPDS) card number 40-
1140.
28. Fowler RH, Nordheim L: Electro emission in intense electric fields. Proc. R.
Soc. Lond. Ser. A 1928, 119:173.
29. Hasegawa Y, Jia JF, Inoue K, Sakai A, Sakurai T: Elemental contrast of local
work function studied by scanning tunneling microscopy. Surf Sci 1997,
386:328.
30. Zhang TH, Wu YG: Science and Application of Ion Beam Materials
Modification. Beijing: Science Press of Beijing; 1999.
31. Wu JS, Dhara S, Wu CT, Chen KH, Chen YF, Chen LC: Growth and optical
properties of self-organized AU(2)Si nanospheres pea-podded in a
silicon oxide nanowire. Adv Mater 2002, 14:1847.
32. Zhirnov VV, Bormatova L, Givargizov EI, Plekhanov PS, Son UT, Galdetsky AV,
Belyavsky BA: Field emission properties of Au—Si eutectic. Appl Surf Sci
1996, 94/95:144.
33. Compagnini G, Urso LD, Cataliotti RS, Puglisi O, Scandurra A, La Fata P:
Properties of Au/Si nanostructured films obtained by jet-cooled cluster
beam deposition. J Phys Chem C 2007, 111:7251.
34. Wan Q, Wang TH, Lin CL: Self-assembled Au-Si alloy nanocones: synthesis
and electron field emission characteristics. Appl Surf Sci 2004, 221:38.
doi:10.1186/1556-276X-6-176
Cite this article as: Zhao et al.: Field emission enhancement of Au-Si
nano-particle-decorated silicon nanowires. Nanoscale Research Letters
2011 6:176.
Submit your manuscript to a 
journal and benefi t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the fi eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
Zhao et al. Nanoscale Research Letters 2011, 6:176
http://www.nanoscalereslett.com/content/6/1/176
Page 5 of 5
